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Abstract 
This work investigated the permeation of binary gas mixtures in non-reducing (He/CO2) and 
reducing (H2/Ar) conditions at temperatures ranging from 200 to 500 ºC.  A common performance 
aspect under both non-reducing and reducing conditions was that the He and H2 purity in the 
permeate stream was independent of temperature for the tested binary gas mixtures, except at very 
high He/CO2 or H2/Ar concentrations (≥90/10) in the retentate stream. Under non-reducing 
conditions, the transport of gases was consistent with molecular sieving properties of silica derived 
membranes, and He permeance was constant irrespective of the He/CO2 binary concentration tested. 
An anomalous H2 transport was observed under reduced conditions, as unexpectedly the H2 
permeance was higher for gas mixtures instead of single gas. Further tests showed that H2 
permeance increased 170% as the gas mixture changed from single H2 gas to H2/Ar gas mixtures. 
This was attributed to the experimental procedure, as the membranes were partially reduced each 
day and tested for gas permeation from pure H2 to lower H2 concentration in gas mixtures.  Under 
these partial reducing conditions, H2 slowly reacts with the surface of the dense Co3O4 particle, thus 
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forming a porous CoO region.  The increase in H2 permeance was therefore attributed to improved 
pore connectivity between the silica structure and the porous CoO region.  
 
Keywords: cobalt oxide silica; gas separation; hydrogen reduction; pore connectivity. 
 
1. Introduction 
The incorporation of metal oxides into silica membranes with relatively good performance for gas 
separation was first reported about a decade ago. Since then a variety of metal oxides have been 
investigated including Ni [1], Co [2], Nb [3], Pd [4] and binary metal oxides including FeCo [5]. 
Metal oxides have conferred properties to silica membranes otherwise not available in pure silica 
materials. For instance, Tsuru’s group [6], demonstrated superior hydro stability by embedding 
cobalt oxide into silica films, lately attributed to the high content of octahedrally coordinated cobalt 
(Co3+) in the form of Co3O4 [7]. As such, a cobalt oxide silica membrane was used in membrane 
reactors for processing H2 from the water gas shift reaction [8]. Another example is gas separation 
reaching very high H2/Ar permselectivities closer to 1000 [9], thus illustrating that cobalt oxide 
silica membranes gas separation capabilities reached levels previously afforded only by CVD silica 
membranes [10-12]. 
 
Recently Miller and co-workers [13] reported for the first time a gas permeation reduction/oxidation 
(redox) effect for cobalt oxide silica membranes. Their work showed that the single gas permeance 
of He, CO2 and N2 increased upon reduction and decreased upon oxidation of the membrane. This 
redox effect was reversible, as the gas permeance values were almost identical upon each cycle of 
reduction and oxidation. The redox effect was attributed to the reduction and oxidation of cobalt 
oxide. It is important to understand that the reduction of metal oxides in silica membranes is not a 
new concept, and it had been tried over a decade ago, though the redox effect on gas permeation is a 
recent finding. For instance, in 2005 Kanezashi et al. [14] reported strong NiO peaks detected by 
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XRD analysis for nickel oxide doped silica membranes upon calcination at 500°C, though NiO 
silica was reduced to pure Ni upon exposure to a H2 atmosphere [15]. There are examples in the 
literature showing that metal oxides embedded into silica underwent reduction [16, 17] as H2 was 
able to diffuse through the silica network and reduce metal oxides particles in xerogels.  
 
Recently, it was revealed that PdO reduced to Pd preferentially instead of cobalt oxide to Co or 
CoO in a binary PdCo oxide silica membrane [18]. As a result, the permeance of the gases with the 
larger kinetic diameters Ar (dk=3.41Å) increased and He/Ar permselectivities decreased due to the 
extra molecular gap conferred by the reduced Pd. Even more recently, Ballinger and co-workers [19] 
demonstrated that La in binary LaCo oxide silica membranes promoted the formation of silicates 
and preserved the structural microporosity below 2.8Å under redox cycling. What is interesting 
about the redox effect is that it can be used as a molecular tailoring tool. This opens a window of 
research opportunities in the preparation of microporous silica structures, which until recently has 
been mainly controlled by the sol-gel methods [20-22] and carbon templates such as organic ligands 
to silica precursors [23] and surfactants [24]. 
 
As the gas permeation redox effect on metal oxide silica membranes is a recent finding, the limited 
works reported in the literature have focused on materials characterisation and correlation to single 
gas permeance. Further, these works have approached the redox effect as pore opening and/or 
closing. In this work, we propose that the redox effect affects pore connectivity instead. Therefore, 
this work focuses on the test of single and binary gas mixture at high temperature up to 500˚C, and 
analysing the transport properties of cobalt oxide silica membranes under the gas permeation redox 
effect. 
 
2. Experimental 
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The cobalt oxide silica sol-gel method used to prepared membranes and xerogels involved mixing 
several chemical precursors. Briefly, cobalt nitrate hexahydrate was dissolved in 30 vol.% aqueous 
hydrogen peroxide and ethanol under constant stirring close to 0 ºC. Then tetraethoxysilane (TEOS) 
was added drop wise to form a final molar ratio of 255 EtOH : 4 TEOS : 1 Co(NO3)2·6H2O : 9 
H2O2 : 40 H2O. Subsequently, the sol-gel was dip-coated on an alumina support provided by the 
Energy Centre of the Netherlands. Each cobalt oxide silica layer was individually calcined up in air 
in a temperature controlled furnace to 630 ˚C at a ramping rate of 1 ˚C min-1 and with a dwell time 
of 4 hours. A total of five layers were sequentially dip coated on the outer shell of the alumina 
support and calcined to ensure free defect membranes. The alumina support was composed of 
asymmetric inter-layers containing γ-alumina with an intrinsic pore size distribution around 4 nm 
which was coated on a mechanically robust porous α-alumina substrate. The dimensions of the tube 
used to coat the membranes were length of ~70 mm, with external and internal diameters of 14 and 
10 mm, respectively. 
 
Xerogels were prepared by drying sols in an oven at 60 ºC. The dried gels were crashed into small 
particles by a mortar and pestle, and calcined in air under the same conditions (i.e. up to 630 ºC) as 
the membranes. Xerogel samples were initially degassed at 250 ºC under vacuum for 12 hours and 
subsequently tested for N2 adsorption at 77 K to determine their structural properties by a 
Micromeritics TriStar3020. In order to investigate the structural changes of the xerogels under 
reduction and oxidising conditions, CO2 adsorption isotherms at 0 ˚C were carried out using a 
Micrometrics ASAP2020. This adsorption apparatus has a better resolution at low pressure for CO2 
penetration into very small pores at 0 ˚C. The gravimetric CO2 adsorption of xerogels was carried 
out by a Shimadzu TGA-50 with feed stream He/CO2 gas mixtures at varying concentrations and 
temperatures from 30 to 100˚C. Since He is a non-adsorbing gas in silica type materials at these 
conditions [25, 26], it is assumed all the weight variation (±1%) in the TGA is entirely attributed to 
CO2 adsorption. As gas adsorption in silica materials is generally linear [27, 28], the Henry’s 
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constant K  was obtained from the slope of the adsorbed quantity against the feed pressure. The 
heat of adsorption was calculated from the fitting of Eq. (1). 
d ln
1d
KQ
RT
=
 
 
 
                                                                         (1) 
 
Adsorption of pure H2 was examined using the volumetric adsorption system depicted in Fig. 1. The 
samples were exposed to three different temperatures (0, 23 and 50oC) at pressures up to 1 bar. The 
system consists of two chambers of different volumes ( 31 6.27cmV = and 32 95.79cmV = ) separated 
by Valve 1. A high precision MKS pressure transducer (~0 to101 kPa) was used to measure 
pressures with an experimental error of ±1%. The xerogel sample was placed in Chamber 1. The 
whole system was degassed by vacuum over 12 hours.  In the adsorption test, Chamber 1 was 
isolated by closing Valve 1, then the Chamber2 was filled with gas at a desired pressure 2p . After 
recording the value of 2p , the Chambers 1 and 2  were connected by opening Valve 1. After 
reaching equilibrium (∼2 hours) the final pressure eqp was recorded from the MKS pressure 
transducer readout box. The amounts of gas adsorbed were calculated from the ideal gas law and 
mass balance as a difference between the initial amount of gas and the final remaining amount of 
gas at equilibrium. Finally, the adsorbed amounts were related to the system volume to determine 
adsorbed phase concentrations q : 
 
( )2 2 1 2eq
s
s
p V p V V
q
RTm
ρ− +=
                                                             (2) 
 
where 
sρ is the material density and sm is the sample mass. 
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Fig. 1 The volumetric adsorption system 
 
The membrane module testing configuration used in this work is shown in Fig. 2. A membrane tube 
was initially sealed by a set of Swagelok fittings including a nut and graphite ferrule. After sealing, 
the effective membrane length was 48.2 mm. The membrane was assembled into a cylindrical 
module, tested and adjusted until a leak free membrane/seal interface was achieved. Once the 
membrane was leak free, the membranes were initially tested for He and H2 permeation from 100% 
of single gas to mixed gas compositions containing He/CO2 and H2/Ar at various ratios and 
temperatures from 200 to 500 oC. The retentate and permeate flow rates were measured by a bubble 
flow meter and the composition of mixed gas was determined by Shimadzu gas chromatograph 
(GC-2014) with TCD and FID detectors. The feed flow rate, calculated from a mass balance of the 
sum of both permeate and retentate flow rates, was ~9 ml s-1 and generally up to 10 or 100 times 
higher than the permeate flow rate for the high and low He and H2 gas mixtures, respectively. This 
high feed flow rate coupled with a relatively small membrane surface area was used to ensure that 
the driving force was maintained constant for the separation of mixed gases. The pressure in the 
membrane module was kept constant at 606 kPa controlled by a back pressure valve. The permeate 
pressure was opened to atmosphere at 101 kPa. 
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Fig. 2 Diagram of the permeation/separation experimental set up 
 
3. Results and discussion 
Fig. 3 shows the adsorption isotherms of CO2, Ar and H2 were linear at different temperatures, thus 
complying with Henry’s law. The sorption capacity decreased with increasing temperature, as 
expected in gas adsorption in silica materials showing physisorption. The isosteric heat of 
adsorption (Qst) was calculated based on a van’t Hoff relation, resulting in 5.1, 23.2 and 22.7 kJ 
mol-1 for H2, Ar and CO2, respectively. These results are in line with gas adsorption for porous 
silica type materials, including strong adsorption of ~ 20-24 kJ mol-1 for CO2 [28, 29] and weak 
adsorption of ~6 kJ mol-1 for H2 [28,30], though slightly higher for Ar as compared to silicalite 
values of 17. 6 kJ mol-1 [31]. 
 
   
Fig. 3 Adsorption isotherms of (a) H2 and (b) CO2 on cobalt oxide silica  
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The initial gas permeation investigation was carried out using He and CO2, to differentiate from gas 
permeation under reducing conditions. Subsequently, gas permeation was carried out using a 
reducing gas, H2, in gas mixtures containing Ar. Due to the catalytic effect of the cobalt oxide, 
mixtures of H2 and CO2 were not considered so as to avoid the reverse of the water gas shift 
reaction, which would result in the production of CO and water vapour [32]. This would generate a 
quaternary mixture of H2, CO2, CO and H2O, which is outside the scope of binary gas mixtures in 
this work. Hence, Ar was used as a substitute molecule to maintain a binary gas mixture of H2/Ar 
instead of a quaternary and most likely highly transient gas mixture. In addition, Ar (dk=3.41Å) and 
CO2 (dk=3.47Å) [33] have similar kinetic diameters showing similar permeation performance 
through silica membrane [9]. Fig. 4 shows the cobalt oxide silica membrane performed very well 
under both oxidising and reducing conditions. The He purity in the permeate stream (Fig. 4a) 
reached values in excess of 0.92-0.95 purity for a 30/70 He/CO2 mixture, and levelled off at 0.975-
0.985 from 50/50 mixtures onwards. On a similar basis, the H2 purity (Fig. 4b) in the permeate 
stream also reached high values of 70-80% already at very low H2/Ar 20/80 mixture, and proceeded 
to high purities of 92% for 50/50 mixtures at 500oC. These results strongly suggest that the 
production of very high quality cobalt oxide silica membranes. However, gas permeate purity was 
higher under non-reducing conditions using He/CO2 as compared to reducing condition using H2/Ar 
mixtures. 
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Fig. 4. Isotherms of gas permeate purity as a function of the gas mixture retentate fraction for 
several temperatures ( 500, ▲ 400, □ 300 and  200 ºC) and total feed pressure at 606 kPa. 
 
Although the cobalt oxide silica membrane performed on the whole, both very well and consistently 
in terms of gas separation, it is interesting to observe in Fig. 5 that the transport of gases differed 
quite considerably in some instances, and was similar in other instances. The lowest gas purity in 
these isotherms were for the lowest retentate gas mixture which increased sequentially until the last 
point for a pure single gas (either 100% He or H2). First, a similarity between both oxidising and 
reduction conditions is that the gas purity was independent of temperature, a finding consistent with 
recent reports [9, 34]  for cobalt oxide silica membranes. Therefore, these results further support the 
production of high quality membranes with a clear narrow pore size distribution based on molecular 
sieving dimensions. In addition, single gas permeation for CO2 and Ar permeation did not produce 
appreciable flow rates, that is, below the minimum detectable measurement levels (~10-11 mol m-2 s-
1
 Pa-1) of the bubble meter. These results further suggest that the average pore size constriction of 
the cobalt oxide silica matrix was ~3Å, between the kinetic diameter of the smaller (He and H2) and 
the larger (Ar and CO2) molecules. 
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A noteworthy difference is given by the anomalous transport of pure H2, which was lower than the 
H2 flow rate for mixtures generally at or above H2/Ar 50/50 for all tested temperatures. In principle, 
it was expected that the H2 flow rate would be higher for single gas permeation than in the case of 
gas mixtures. Under the reducing conditions, H2 single gas permeation tests were initially carried 
out, followed by H2 and Ar mixture separation from high 90% to low 20% H2 fractions. The H2 feed 
fraction was reduced step-wise after each day of testing for each gas mixture point. These results 
strongly suggest that H2 permeation has significantly affected the cobalt oxide silica matrix, and 
consequently affecting the transport of gases. 
  
Fig. 5. Isotherms of gas permeate purity as a function of gas flow rates for several temperatures ( 
500, ▲ 400, □ 300 and  200 ºC) and total feed pressure at 606 kPa. The membrane area was 
21.2cm2. a) He in He/CO2 mixtures, and b) H2 in H2/Ar mixtures. 
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He/CO2 (Fig. 6b) and subsequently for H2/Ar (Fig. 6b). For each gas mixture set, the temperature 
was varied from 500 to 100 ºC. Each day a gas mixture set was tested for all temperature points as 
follows: first day (100%), second day (90%), third day (70%), fourth day (50%) and fifth day (30%). 
Upon completing a full test each day, the temperature was raised to 500 ºC with a new set of gas 
mixture. The membranes were left under these new conditions overnight for gas permeation testing 
in the following day. The membranes were tested over a two week period, the first week for 
He/CO2 and the second week for H2/Ar. The experimental results in Fig. 6b clearly confirm that the 
He permeance was also constant as a function of the temperature. Again, Fig. 6c shows that H2 
permeance was not constant for the same temperature points in H2/Ar gas mixtures. Let us consider 
first He permeance results. It is interesting to observe that the stronger adsorbing gas CO2 (see Fig. 
3) did not greatly affect the permeation of the weakly adsorbing gas He. The competitive adsorption 
effect is generally more prevalent at low temperature gas separation conditions. In this case, the 
stronger adsorbing gas has a higher surface coverage, thus blocking pores of the membrane and 
reducing the chance of the other gas entering the pores of the membrane. Further, the stronger 
adsorbing gas in the pore also tends to reduce the diffusing speed of the less adsorbing gas [35, 36]. 
However, gas adsorption starts to become negligible at the high temperatures used in this work and 
the competitive adsorption effect is not significant enough to affect the He permeation. These 
results also confirm the molecular sieving effect for the transport of He, as the pemeance of He for a 
given He/CO2 mixture increased with temperature. 
 
The anomalous H2 permeance results in Fig. 6a and 6c clearly indicates that H2 is affecting the 
structure of the cobalt oxide silica membrane. For instance, H2 permeance had minima for single 
gas testing (i.e. 100/0 H2/Ar feed) and maxima at H2/Ar 50/50 mixture. The H2 permeance 
consistently increased 140-170% between the mimina and maxima values. At the maxima values, 
there was a small reduction in H2 permeance for the H2/Ar 30/60 mixtures of 2-10%, though this 
was considered within experimental variation. The H2 permeance for single gas was lower than He 
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permeance also for single gases. These results are in line with those published elsewhere for silica 
derived membranes [37, 38], particularly that the kinetic diameter of H2 is slightly larger than that 
of He. However, H2 permeance reached the same level as He permeance for 90/10 gas mixtures, 
and from thereon H2 permeance overcame He permeance for other gas mixtures. The increase in H2 
permeation was attributed to the reducing of cobalt oxide embedded in the silica matrix, thus 
leading to a different micropore structure.  
 
 
Fig. 6. Gas permeance (±10%) of cobalt oxide silica membrane as a function of the binary gas 
mixture (a) He and H2 permeance at 500ºC, (b) He and (c) H2 permeance at several temperatures ( 
500, ▲ 400, □ 300 and  200 ºC). 
 
As the H2 permeance kept increasing to maxima values, the reaction between membrane material 
and H2 was therefore a function of H2 exposure time and H2 concentration in the feed gas. The 
membranes were further tested for pure He and Ar under reduced conditions. The permeance of He 
increased 34% from 3.2x10-8 mol s-1 m-2 Pa-1 (Fig. 6a as oxidised) to 4.8x10-8 mol s-1 m-2 Pa-1 (as 
reduced). In a similar fashion, the permeance of Ar was not detectable under oxidised conditions, 
but had values of ~1.0 x10-9 mol s-1 m-2 Pa-1 under reduced conditions. To further test this point, the 
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gas mixture separation. Upon oxidation, the membrane was retested again under single gas H2 
exposure. The H2 permeance in Fig. 7a is clear proof of the reduction effect on the H2 permeance as 
it took around 60-70 hours testing at 500 ºC in pure H2 from where changes in permeation were 
almost negligible. Coincidently this time span to reach full reduction is almost in the same range as 
those experiments shown in Figs. 4 to 6, where membranes were left overnight at 500 ºC in H2/Ar 
gas mixture for testing next day, equivalent to ~17 h for each day under these conditions. Hence, it 
took 4 days to reach a full reduction, totalling 68 h. In other words, the experimental work in Figs. 4 
to 6 is related to partial reduction carried out each day. 
 
The H2 permeance in Fig. 7a varied from 81.18 10−×  to 83.09 10−× mol s-1 m-2 Pa-1 at 500ºC after 100 
hours, and then continued to increase incrementally. The increase of H2 permeance of 162% up to 
100 hours also coincided with the maxima increase of 140-170% for the H2 gas mixture testing (Fig. 
6c). In order to further investigate the reduction effect on the cobalt oxide silica structure, CO2 
adsorption experiments at 0 °C were carried out on oxidised and reduced samples. The latter was 
exposed to H2 at 500 ˚C for 4 days. The surface area and pore volume determined from the CO2 
adsorption isotherms in Fig. 7b resulted in 192 m²g-1 and 0.049 cm³g-1 for the reduced sample, and 
slightly lower values for the oxidised sample at 174 m²g-1 and 0.043 cm³g-1. These combined results 
strongly suggest an alteration of the cobalt silica oxide structure from an oxidised to a reduced state, 
known as the redox effect. 
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Fig. 7 (a) H2 permeance (±10%) as a function of time starting at t=0 (oxidised condition) and (b) 
CO2 adsorption isotherm of xerogel samples ( reduced and ▲ oxidised).   
 
Previous reports explained that redox effect happened because the pore sizes have increased during 
the reduction process. This was the case for cobalt oxide silica membranes prepared with ES40 
silica precursor which has stronger silica backbone branches [13]. However, TEOS was used as the 
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in the permeate stream should be lower. Therefore, these observations strongly suggest that pore 
size enlargement is unlikely to happen.  
 
In this work we argue that a reasonable explanation for the gas permeation redox effect was related 
to the silica pore connectivity around the metal oxide particle, which changed from Co3O4 to CoO 
as reported in literature [19, 41-43]. The particles embedded in the porous silica matrix are 
schematically represented in Fig. 8, where several pores terminate at the particle surface. The redox 
effect confers structural changes in the lattice parameters of the particles from 0.8084nm (Co3O4) to 
0.426nm (CoO) [39-44]. However, cobalt oxide particles embedded in silica films using similar 
methods as in this work are very small to be detected by XRD (X-ray diffraction). To address this 
problem, Miller et al. [13] recently reported that Co3O4 as Co (III) in silica was reduced to CO (II) 
as CoO using XPS (X-ray photoelectron spectrometry). The reduction kinetics also needs high 
temperature preferentially ≥ 500 ºC as reported elsewhere for metal oxide silica membranes [1, 15]. 
The anomalous results of higher H2 permeance for lower H2 feed concentration (Fig. 6) is directly 
related to the experimental testing sequence, where partial reduction was carried out each day. 
Hence, the reduction the Co3O4 to CoO causes a structural re-arrangement which is generally 
explained by the shrinking core model, associated with gas reaction with solid particles leading to 
formation of smaller particles with porous structures [45-47].  
 
 
Fig. 8 Schematic of the network connectivity under oxidised and reduced state 
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In the shrinking core model, the reduction reaction initially takes place at the outer surface of the 
dense Co3O4 particles and the reaction zone then moves into the particle core. In the process the 
reduced CoO or Co zone is fragmented and becomes porous, whilst the core Co3O4 continues to be 
dense. Based on the density of CoO and Co3O4 [48], 3 mol of CoO shows 11.43% volume reduction 
compared with 1 mol of Co3O4. The shrinkage or cracks can also be interpreted as the O atom being 
removed from the initial Co3O4 particle. The extra porosity is supported by the increased pore 
volume in Fig. 7b. Consequently porous region of the reduced Co3O4 conferred extra connectivity 
between the adjacent porous silica channels, thus increasing percolation and gas permeance 
supported by the results in Fig. 7a.  
  
4. Conclusions 
High temperature (200 to 500 ºC) permeation testing was carried out for binary gas mixtures in a 
non-reducing (He/CO2) and reducing (H2/Ar) conditions using high quality cobalt oxide silica 
membranes. Under non reducing conditions, the He permeance was constant irrespective of the 
He/CO2 binary concentration tested. Although CO2 has a higher adsorption capacity than He, these 
results suggest that competitive adsorption was not significant at the high testing temperature used 
in this work. A common performance aspect under both non-reducing and reducing conditions was 
that the He and H2 purity in the permeate stream was independent of temperature for the tested 
binary gas mixtures, except at very high He/CO2 or H2/Ar concentrations (≥90/10) at the retentate 
stream. However, the H2 transport was anomalous under reduced conditions, as H2 permeance 
increased sequentially by 170% from single to gas mixture testing. This increase is associated with 
the reduction of Co3O4 to CoO. The experimental procedure conferred partial reduction at 500 ºC 
each day, and full reduction was achieved in 4-5 days, thus explaining why the permeance of H2 
was higher for lower H2 concentration in gas mixtures. Upon reduction, the membranes were tested 
for pure He and Ar, and results proved that the permeance of these gases increased as compared to 
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the membrane tested under oxidised conditions. As the amorphous silica network is not reduced, 
these results are attributed to an increase in pore connectivity around the reduced CoO. 
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Highlights 
• He permeance was constant for all He/CO2 mixtures under non-reduced conditions. 
• Anomalous H2 transport was observed under reduced conditions.  
• H2 permeance increased 170% from single H2 gas to H2/Ar gas mixtures.  
• H2 slowly reacted with dense Co3O4 in silica thus forming a porous CoO region.   
• Higher H2 permeance due to pore connectivity in the porous CoO region.  
 
 
 
